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Background: The current study aimed to compare the measurements of the mandible
morphology using 3D cone beam computed tomography (CBCT) images with those
using 2D CBCT-synthesized cephalograms; to quantify errors in measurements based
on 2D synthesized cephalograms; and to clarify the effects such errors have on the
description of the mandibular growth.
Methods: Mandibles of six miniature pigs were scanned monthly using CBCT over
12 months and the data were used to reconstruct the 3D bone models. Five anatomical
landmarks were identified on each bone model, and the inter-marker distances and
monthly distance changes were calculated and taken as the gold standard. Synthetic 2D
cephalograms were also generated for each bone model using a digitally reconstructed
radiography (DRR)-generation method. Errors in cephalogram measurements were
determined as the differences between the calculated variables in cephalograms and the
gold standard. The variations between cephalograms and the gold standard were also
compared using paired t-tests.
Results: While the inter-marker distance increases varied among the marker pairs, all
marker pairs increased their inter-marker distances gradually every month, reaching 50%
of the total annual increases during the fourth and fifth months, and then slowing down
in the subsequent months. The 2D measurements significantly underestimated most of
the inter-marker distances throughout the monitoring period, in most of the monthly
inter-marker distance changes during the first four months, and in the total growth
(p < 0.05).
Conclusions: Significant errors exist in the measurements using 2D synthesized
cephalogram, underestimating the mandibular dimensions and their monthly changes in
the early stages of growth, as well as the total annual growth. These results should be
considered in dental treatment planning at the beginning of the treatment in order to
control more precisely the treatment process and outcome.
Keywords: CBCT, Cephalograms, Mandible growth, Miniature pigs© 2014 Lin et al.; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly credited. The Creative Commons Public Domain Dedication waiver (http://
creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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Dental treatments are often performed while the mandible bone is still growing. This is
especially true during the process of orthodontic treatment planning or the assessment
of the outcome of craniomandibular surgery. Since the data of the growth of the man-
dible are difficult to obtain via human experiments, physicians have to rely on current
images to infer future growth of the mandible in planning treatments and assessing
their efficacy. Studies on the influence of factors related to the mandibular growth on
the treatment outcome are not yet available. Therefore, including growth-related fac-
tors in the treatment plan at the beginning of the treatment in order to control more
precisely the treatment process and outcome will be helpful for improving the quality
of treatment.
The use of cephalograms for long-term, in vivo measurement of human mandible
growth would require multiple exposures to radiation over the monitoring period, which
is not feasible for ethical reasons. A limited number of in vivo studies attempted to image
mandible shape changes at limited time instances with unequal intervals but failed to de-
scribe long-term growth [1,2]. Predictive mathematical models may be helpful for resolv-
ing the above-mentioned difficulties but, to the best knowledge of the authors, no such
mathematical models have been reported. Their experimental validations before their
clinical applications present another problem. However, long-term follow-up experiments
on animal bone-growth can shed light on the growth of the mandible, and can also be
useful in the construction and experimental validation of predictive mathematical models.
Therefore, considering the medical ethics, animal experiments are indeed necessary.
Many of the previous studies on the mandible have used pigs as animal models because
their anatomy, physiology, circulatory system, mastication system and teeth germination
are very similar to those of humans [3-5]. This is especially true for mini-pigs in which
the size and shape of the jaw, occlusion and bone metabolism rate are similar to those of
humans [6-9]. Compared to other pig breeds, mini-pigs are small in body size and rela-
tively easy to manipulate in experiments, making them much more feasible for use as sub-
jects in mandible studies.
Cephalometric analysis is often used as the basis for diagnostic imaging [10-13]. Since
it is fundamentally a two-dimensional (2D) projection of the attenuated X-ray through
the bones (Figure 1), bones at different distances from the projection plane will pro-
duce bone images of different size, position and intensity, leading to errors in measure-
ments [14,15]. Figure 1 demonstrates the results of a projection of two bony landmarks
at two instances during growth. Differences in the bony landmark positions and the an-
gles between the inter-landmark line segment and image plane lead to different errors
in the 2D measurements of the inter-landmark distances, even though the images were
scaled to the mid-sagittal plane and the magnification factor was taken into consider-
ation. Another source of errors in 2D cephalometry is the errors associated with man-
ual identification of the bony landmarks. Reliability of identification effects on
synthesized images has previously been reported [16-18]. Computerized tomography
(CT) scans can be used to obtain accurate data of the skull anatomy [19,20]. Many
studies have also shown that the geometric information from the three-dimensional
(3D) reconstruction of the skull from the CT data is more accurate than that obtained
from 2D images [21-23]. However, no study has evaluated objectively and quantitatively
the 2D imaging methods to clarify whether the relevant measurement errors would
Figure 1 Schematic representation of two methods. Schematic diagram showing distances of two bony
landmarks measured in the transverse plane from 3D cone-beam computed tomography (CBCT) data (A1,
A2, B1 and B2) and from 2D images projected from the 3D CBCT data (Image plane: C1, C2, D1 and D2;
mid-sagittal plane: A1’, A2’, B1’ and B2’) at two instances during growth. Differences in the bony landmark
positions and the angles between the inter-landmark line segment and image plane lead to different errors
in the 2D measurements of the inter-landmark distances, even though the images were scaled to the
mid-sagittal plane and the magnification factor was taken into consideration.
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needed to explore whether such measurement errors using 2D synthesized cephalo-
gram would vary during the bone growth process. Since CT scans are expensive and
involve relatively high radiation dosage, they are not suitable for long-term, continuous
monitoring. In recent years, cone beam computed tomography (CBCT) has gradually
replaced conventional CT in the diagnosis for orthodontic treatment and as an assess-
ment tool in craniofacial surgery [24]. This is mainly because the radiation dose in
CBCT is relatively low for small range imaging such as the head and neck [25-27].
However, its radiation dosage is still about ten times higher than that of the cephalo-
gram [28,29]. Therefore, considering ethical reasons, the cephalogram is still an accept-
able solution for bone growth measurement, despite errors associated with X-ray
projection and manual identification of landmarks. Therefore, it seems necessary to
quantify the errors in 2D measurements based on cephalograms. By taking advantage
of the low-dose radiation and accurate 3D craniometry of CBCT, measurement errors
in 2D imaging can be obtained by comparing 2D and 3D measurements. This will be
helpful for clarifying whether 2D errors would affect diagnosis, and the planning and
results of treatment. It will also help clarify whether 2D image-based measurement
errors would vary during bone growth.
The purposes of this study were to compare the measurements of mandible morph-
ology using 3D CBCT data with those using CBCT-synthesized 2D images; to quantify
the errors in measurements using CBCT-synthesized 2D images; and to clarify whether
such errors would affect the description of the changes of mandibular growth.
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Subjects and experimental procedure
Six Lee-Sung strain miniature pigs were used in the current study. They were raised on
a certified farm for experimental animals (temperature: 26 to 28°C; humidity: 55 to
60%). The pigs were fed normal pig feed, and drank tap water. From the age of one
month onwards, each of the pigs underwent a CT scan of the mandible once every
month over a period of 12 months. To avoid differences in the number of days between
calendar months, and to simplify the description of the changes over the time intervals,
a time interval of four weeks was referred to as ‘a month’ (T = time interval = 4 weeks).
Therefore, a total of twelve sets of CT data were obtained for each pig (T = T1, T2, …,
T12). A low radiation dose CBCT system (i-CAT, Imaging Sciences International, Inc.,
Hatfield, PA, USA) was used for the CT scanning with an isotropic voxel size of
0.25 mm and a grey scale of 14 bits. The CBCT system was operated with a peak tube
potential of 120 kVp and a tube current of 3–8 mA. The field of view was 22 cm
(height) × 16 cm (diameter) with the Extended Field of View model provided by the sys-
tem. A complete scan lasted for 20 s. Before each CT scan, the pigs were administered
an intramuscular injection of 1 cc/10 kg of zoletil 50 (50 mg/kg) (Virbac Laboratories,
Carros, France) for general anesthesia. Atropine sulfate (Antopin, 1 mg/ml; 0.5 cc: <
20 kg; 1 cc: >20 kg; Sinton Chem & Pharm Co Ltd., Taiwan) was also administered to
inhibit saliva production to prevent choking. During the CBCT scan, the pig was re-
strained on a purpose-built workbench using transparent tape, and the mandible wasFigure 2 Experimental setup. The experimental setup for the CBCT scan of a typical subject. The pig was
restrained on a purpose-built workbench using transparent tape, and the mandible was positioned within
the center of the region of interest with the guidance of an optical localizer in the shape of a cross.
Lin et al. BioMedical Engineering OnLine 2014, 13:133 Page 5 of 14
http://www.biomedical-engineering-online.com/content/13/1/133positioned within the center of the region of interest with the guidance of an optical
localizer in the shape of a cross (Figure 2). The study was approved by the Institutional
Animal Care and Use Committee.Bone model reconstruction and morphological parameters
Each of the CT data sets was used to reconstruct a 3D volumetric model of the man-
dible using Amira (Visage Imaging, Inc., USA) following Lin et al. [30]. Selected ana-
tomical landmarks on the mandible were marked on the model to describe the key
morphological features of the mandible (Figure 3 and Table 1). These anatomical bony
landmarks were selected because they were relatively easy to identify so that the repeat-
ability of identifying the landmarks could be maximized. On each side of the mandible
bony landmarks CP, LP and GO were identified automatically by the computer. The
CPs were determined as the point of the largest curvature on the coronoid; and the
LPs were determined as the most lateral point of the condyle. The GO was determined
as the point along the rounded posteroinferior corner of the mandible between the
ramus and the body following a geometric approach used by Lin et al. [30]. The auto-
detected bony landmarks were also verified by an experienced dentist (HSL) before be-
ing used for subsequent analysis. Bony landmarks AMF and PMF were identified
manually by the same experienced dentist (HSL) within Geomagic 3D Software
(Geomagic, Inc., USA) (Figure 3 and Table 1). The reliability of this procedure was de-
termined by the same dentist repeatedly identifying the landmarks, giving an Intra-
Class Correlation Coefficient (ICC) of 0.9, which was considered strong for the current
purpose.Generation of and measurement on synthesized cephalograms
In order to quantify the errors in measurements made on 2D images such as cephalo-
grams as a result of X-ray projection of 3D bone data onto the 2D image plane, the
current study used the 3D CBCT data to generate synthesized cephalograms using aFigure 3 The chosen anatomical landmarks. Anatomical landmarks as indicated on the 3D mandible
model from the right viewpoint. Definitions of the anatomical landmarks are given in Table 1.
Table 1 Anatomical landmarks on the mandible utilized in this study
Anatomical landmark Definition
LP: lateral pole of condyle The most protruding point on the lateral side of the mandibular condyle
CP: Coronoid process The most protruding point on the Coronoid
GO: Gonion The most posterior and inferior point at the mandibular angle
AMF: Anterior mental foramen The most anterior edge of the export of the mental nerve
PMF: Posterior mental foramen The most posterior leading edge export of the mental nerve
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parameters describing the perspective projection of a cephalogram system, DRR of the
mandible can be generated by casting rays from the X-ray source through the volume
of the CT data of the mandible. Each of these rays went through a number of voxels of
the volume, the attenuation coefficients of which were then integrated along the ray
and projected onto the imaging plane to obtain a DRR image resembling a cephalogram
[31,32]. In the current study, projection parameters from a cephalogram system used in
the authors’ hospital, namely an Orthoceph OC l00 X-ray system (Instrumentarium
Corporation, Imaging Division, Tuusula, Finland), was utilized for simulated projec-
tions. The principal axis of the projection was defined as the line connecting the most
prominent points on the medial surfaces of the bilateral condyles. The X-ray source
was positioned on the right side of the mid-sagittal plane of the mandible at a distance
of 1520 mm, whereas the image plane was located 152 mm from the left side of mid-
sagittal plane, opposite the source. In other words, the distance from the X-ray source
to the image plane was 1.1 times the distance from the X-ray source to the mid-sagittal
plane, giving a magnification factor of 1.1. In order to minimize the errors in 2D dis-
tance measurements that might result from this magnification, the 2D image was scaledFigure 4 Simulation of cephalometric imaging. Simulation of conventional cephalometric imaging using
digitally reconstructed radiographs (DRR) from 3D CBCT image data. The DRR of the bones were generated
by casting rays from the X-ray source through the volume of the CT-derived bone models. Each of these
rays went through a number of voxels of the volume, the attenuation coefficients of which were then
integrated along the ray and projected onto the imaging plane to obtain a DRR image resembling
a radiograph.
Lin et al. BioMedical Engineering OnLine 2014, 13:133 Page 7 of 14
http://www.biomedical-engineering-online.com/content/13/1/133back to the mid-sagittal plane before measurements. In other words, the image was
projected to the mid-sagittal plane of the head.
On each DRR-generated synthesized cephalogram, the same anatomical landmarks
on the 3D volumetric bone model were also identified by the same experienced dentist
(HSL) using a self-developed program (MATLAB, Mathwork Inc., USA). The repeat-
ability of this procedure was determined from the same dentist’s repeated operation,
giving a very good intra-rater reliability (ICC > 0.93) [33].Data analysis
Since the magnification factor is related to the mid-sagittal plane, bony structures or
landmarks away from the mid-sagittal plane will still be subject to various degrees of
magnification, and thus errors. These errors cannot be compensated for with a simple
scaling factor, and thus were quantified in the current study. In the current study, the
measurements made on the 3D CBCT-based model were taken as the gold standard.
Therefore, the errors in measurements on the synthesized cephalograms were deter-
mined by subtracting the 2D measurements from the 3D gold standard. The 2D
cephalogram measurements and their errors during the growth process of the mini-
pig mandibles were analyzed using inter-marker distance, inter-marker distance error,
monthly distance change, and monthly distance change error. The changes in these
variables over time represented the changes in the size of the mandible, and the errors
associated with synthesized cephalogram measurements. Inter-marker distance repre-
sented one of the dimensions of the mandible, and was obtained from the coordinates
of the identified bony landmarks; Inter-marker distance error represented the error in
the mandible size measured from a synthetic cephalogram, defined as the difference
between the 2D inter-marker distance and the 3D gold standard; Monthly distance
change represented the amount of monthly growth, defined as the difference in the
inter-marker distances between the current and the previous month; Monthly dis-
tance change error represented the error in the monthly growth of the mandible mea-
sured from synthetic cephalograms, defined as the difference in the monthly distance
changes between 2D measurements and the 3D gold standard. A summary of the defi-
nitions of the variables is given in Table 2. There were ten pairs of markers on both
sides of the mandible for inter-marker distance measurements. For describing the
growth of the mandible over time, the differences between the inter-marker distances
at the 1st and 12th months were also calculated for 2D synthesized cephalograms and
the 3D gold standard, giving the total annual increases. The monthly distance changes
were also integrated over time to obtain the distance increases as a percentage of theTable 2 Definitions of the variables for the description of the mandibular growth
Variable Description
Inter-marker distance Distance between two bony landmarks measured from CBCT data
Inter-marker distance error The differences between 3D and 2D inter-marker distance
Monthly distance change The difference in the inter-marker distances between the current and the
previous month
Monthly distance change error The difference between the 3D and 2D monthly distance change
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house-developed programs in MATLAB (MathWorks, Inc., USA).Statistical analysis
Apart from descriptive statistical analysis of the calculated variables, paired t-tests were
also performed to compare 2D measurements with the 3D gold standard of each of the
inter-marker distances, monthly distance changes and total annual increases using SPSS
version 13.0 (SPSS Inc., Chicago, IL, USA). A significance level of 0.05 was selected.
Considering the resolution of the CBCT (0.25 mm), errors less than 0.25 mm were
considered clinically non-significant even if statistical significance (p < 0.05) was found.Results
The morphological variables calculated from the 2D and 3D measurements were found
to be similar in patterns (Figures 5, 6 and 7). The average inter-marker distance in-
creased gradually every month. Among them, the total annual increase for LP-AMF
was the largest while that for LP-CP was the smallest (Figure 5). All marker pairs
reached 50% of the total annual distance increases during the fourth and fifth months,
reached 80% in the seventh and eighth months, and then the increases slowed down
during the following four months (Figure 6). This non-linear pattern of growth rate
was also revealed by the monthly distance changes over time (Figure 7).
The 2D total annual distance increases in LP-AMF, GO-AMF, LP-PMF, GO-PMF,
GO-CP and LP-CP were found to be significantly smaller than those determined by 3D
measurements (Table 3). The errors in 2D measurements of inter-marker distances
were also found to cause significant underestimations in the mean inter-marker dis-
tances throughout the monitoring period when compared to 3D measurements, except
for GO-CP and LP-GO on the right side (Figure 8). Among these errors, LP-AMF andFigure 5 Mean inter-marker distances over time. Mean inter-marker distances of the mandible at the 12
time instances of the monitoring period measured from the CBCT data using (a) the 3D method and
(b) the 2D DRR-synthesized cephalograms.
Figure 6 Change rate of the inter-marker distance over time. The inter-marker distance increases,
calculated by integrating the monthly distance changes over time, as a percentage of the total annual
increase, for (a) the 3D and (b) 2D methods. The mean distance increase of all the marker pairs is shown in
blue. The distance increase curves of the fastest increase marker pair (LC-CP) and the slowest marker pair
(GO-PMF) are also shown. Note that the distance increase reached 50% of the total annual distance
increases during the fourth and fifth months, and reached 80% during the seventh and eighth month.
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smallest. Except for LP-GO, GO-CP and PMF-CP, the errors in the inter-marker dis-
tances increased gradually over time (Figure 8).
The errors in 2D measurements of monthly distance changes were also found to
cause significant underestimations in the mean monthly inter-marker distances of most
of the marker pairs during the first four months when compared to 3D measurements
(Figure 9). Note that significant underestimations in AMF-CP and PMF-CP were less
than the CBCT resolution (0.25 mm).Figure 7 Monthly inter-marker distance change. Monthly inter-marker distance change for the mandible
over the monitoring period using (a) the 3D and (b) 2D methods.
Table 3 Means (standard deviations) of the total annual increase of the inter-marker
distances†
Left side Right side
Description 2D (mm) 3D (mm) p-value 2D (mm) 3D (mm) p-value
LP-AMF 91.66 (2.62) 93.66 (3.19) 0.001* 92.32 (2.66) 94.19 (2.69) <0.001*
AMF-CP 77.83 (4.74) 78.32 (5.05) 0.059 78.78 (4.13) 79.14 (4.18) 0.062
GO-AMF 76.46 (4.74) 79.68 (4.40) <0.001* 77.11 (4.36) 80.47 (3.73) 0.001*
LP -PMF 64.20 (2.25) 65.99 (2.66) 0.001* 64.78 (1.11) 66.22 (1.47) 0.001*
PMF-CP 52.44 (4.63) 52.80 (4.77) 0.016* 53.31 (3.54) 53.38 (3.66) 0.556
GO-PMF 46.42 (4.82) 49.19 (4.49) <0.001* 46.96 (2.62) 49.62 (2.65) 0.001*
GO-CP 45.09 (4.29) 46.44 (3.87) 0.009* 45.83 (4.09) 46.81 (3.78) 0.015*
LP -GO 43.55 (2.42) 43.44 (2.46) 0.230 44.32 (2.21) 43.70 (2.29) 0.006*
AMF-PMF 30.48 (2.42) 30.26 (2.33) 0.368 30.60 (3.31) 30.61 (3.08) 0.934
LP -CP 16.15 (2.71) 18.68 (2.75) 0.001* 15.84 (2.21) 18.49 (2.56) <0.001*
*P-values for the comparisons between 2D and 3D measurements using paired t-tests are also given. An asterisk
indicates a significant difference (p < 0.05).
†The total annual increase of the inter-marker distances defined as difference between the inter-marker distances at T1
and T12.
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This study aimed to compare the measurements of mandible morphology made on 3D
CBCT data (gold standard) with those on CBCT-synthesized 2D cephalograms; to
quantify the errors in measurements made on CBCT-synthesized cephalograms; and to
clarify whether such errors would affect the description of the changes in mandibularFigure 8 Mean errors in the inter-marker distances. Mean errors in the 2D method in measuring the
inter-marker distances for the (a) left and (b) right mandible over the monitoring period. Solid markers on
the curves indicate significant differences between data measured using 3D and 2D methods (i.e., p < 0.05).
Figure 9 Mean errors in the monthly distance changes. Mean errors in the 2D method in measuring
the monthly distance changes of the marker pairs for the (a) left and (b) right mandible over the
monitoring period. Solid markers on the curves indicate significant differences between data measured
using 3D and 2D methods (i.e., p < 0.05).
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pairs, all marker pairs increased their inter-marker distances gradually every month,
reaching 50% of the total annual increases during the fourth and fifth months, and then
slowed down in the subsequent months (Figure 6). The errors in 2D measurements
caused significant underestimations in most of the inter-marker distances throughout
the monitoring period (Figure 8), in most of the monthly inter-marker distance changes
during the first four months (Figure 9), and in the total growth (Table 3). These results
showed that significant errors were prevalent in the 2D measurements of the dimen-
sions and their monthly changes in the early stage of growth, as well as in the total
growth of the mandible.
The measurement errors using 2D imaging are related to the fundamental character-
istics of the image formation which is based on the projection of X-rays from a point
source through the mandible onto the image plane (Figure 1). With point X-ray projec-
tions, the centerline of the imaging source is perpendicular to the image plane. The
magnification ratio is dependent upon the ratio of the distance between the source and
the imaging plane, and the distance between the source and the object. Thus, reducing
the distance between source and object will increase the magnification ratio, and vice
versa. For a 3D solid object with a complicated geometry and thickness, the projection
is the result of non-uniform magnification. These characteristics largely explained the
observed 2D measurement errors.
The errors in the 2D distance measurements appeared to be affected by the inter-
marker distances, and the angles between the inter-marker segments and the image
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that was close to a flat plate and nearly parallel with the projection plane, and since
these segments were not the longest ones, they were found to have the smallest errors
(<1.5 mm) among all the marker pairs (Figure 8). On the other hand, since LP-CP had
the greatest projection angle (>30° for both sides), it had considerable errors (2.3-5.2 mm)
even though it was the shortest segment (13–32 mm). Marker pairs with similar distances
and projection angles had similar magnitudes of inter-marker distance errors (Figure 8).
The large errors in measuring inter-marker segments located between the mental for-
amen and the outer edge of the ramus could also be explained by the distance and
angle factors determined largely by the anatomy. Since the mandibular body resembles
a “V”-shape in the transverse plane, each side of the body formed an angle with the
image plane, contributing to the errors in the inter-marker segments on the mandibular
body. Therefore, being the longest segments on the mandible (length 65–170 mm) with
projection angles in the range of 15°-20°, LC-AMF and GO-AMF were found to have
the largest measurement errors (3.6-7.1 mm). With similar projection angles, shorter
segments on the mandible body in space would thus produce smaller errors, between
1.1 and 5.4 mm (Figure 8).
The error on the side of the mandible further away from the image source was mostly
much greater than that on the side closer to the source. In the current study, 2D pro-
jection measurements were made on images calibrated back to the median plane. This
caused a magnification effect for the side of the mandible closer to the image source
but a shrinking effect for the side further away from the source. As indicated in the
aforementioned information, the angle formed by the inter-marker segments and the
projection plane often led the 2D measurement methods towards a trend of underesti-
mating the true segment length as determined by the 3D methods. Therefore, consider-
ing the relative positions of the mandible, image source and image plane, it appears
that the magnification effects would compensate for the errors in results for the side
closer to the image source while further underestimation of the true length would be
expected. It was also observed from the results of the current study that the error of
LP-GO on the side of the mandible further away from the image source was greater
than that on the side closer to the source, and the difference increased with time.
For many years, the 2D cephalogram has been used by orthodontists as the standard
method for assessing the changes of facial bone morphology. Two-dimensional cepha-
logrametric measurements have also been used to describe the growth of the facial
bones. However, the facial bones are three-dimensional objects. Therefore, many details
cannot be measured accurately. The superposition of the images of the bones can also
lead to measurement errors owing to human misinterpretation. It would be even more
difficult to use 2D images for measuring patients who exhibit non-symmetrical or de-
formed facial morphology. The current study used low radiation CBCT so it was pos-
sible to obtain 3D anatomical measurements over the growth process.
The current study was the first in the literature to evaluate the errors associated with
2D measurements over the growth process. This is in contrast to previous studies on
the differences in measurements between 2D and 3D image-based methods using a sin-
gle object at a set growth point in time. While the current study showed that similar
bone growth patterns could be obtained using 2D measurements, the measured
amount and rate of change of the bone morphology over time were found to be
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ments caused significant and different underestimations of the inter-marker distances
throughout the monitoring period, of the monthly inter-marker distance changes
during the first four months and of the total growth. These errors are difficult to
eliminate because of their non-homogeneous and non-linear nature. The measurement
errors were proportional to the inter-marker distances and their projection angles that
were non-homogeneous within the bone and also related to the non-linear growth of
the mandible over time [32]. The current results suggest that 2D measurements of the
dimensions and their monthly changes during the early stage of growth, as well as the
total growth of the mandible, should be interpreted cautiously.
In the current study the amount of growth recorded in the pigs was approximately
equivalent to the growth in humans from birth to the age of nine years. The results
suggest that the misinterpretation owing to 2D image errors must be taken into
account for dental treatment or craniofacial surgery in a growing mandible. Although
the current approach cannot be performed on humans due to ethical considerations, in
the future, if radiation doses and costs could be reduced, a 3D image-based method
could replace the 2D image-based method in providing more accurate measurement
parameters. The viewpoint raised in the current study should be included in clinical
considerations when drawing up plans for treatment, taking into consideration the
effects of growth time-points in interpreting imaging results.Conclusions
Significant errors exist in the measurements using 2D imaging methods, underestimat-
ing the mandibular dimensions and their monthly changes in the early stages of growth,
as well as total annual growth of the mandible. These results should be considered in
dental treatment planning at the beginning of the treatment in order to control more
precisely the treatment process and outcome.
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